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Introduction 
 
The development of Green Chemistry and the search for cleaner synthetic methods 
are of utmost importance in organic chemistry, especially for the chemical industry [1-9]. In 
this context, the use of eco-friendly solvents is particularly recommended because the 
majority of waste and pollution generated by the chemical processes is directly related to 
solvents (it has been estimated that 80-90% of mass utilization in a chemical transformation 
is due to the solvents employed) [10-12]. With the ultimate goal of solving this environmental 
problem, several alternatives for the replacement of traditional organic solvents (most of 
them derived from petroleum and having negative environmental, health and safety impacts) 
have been evaluated during the last years (water, ionic liquids, supercritical fluids, 
perfluorinated solvents, etc.) [13-15]. In particular, given its great availability and non-toxic 
nature, the use of water as alternative “green solvent” in synthetic organic chemistry is being 
widely investigated [16-22], but the subsequent production of wastewater should not be 
underestimated. 
In the continuous search for eco-friendly solvents, biomass-derived chemicals are 
also emerging as very promising alternatives [23-26]. Among them, glycerol is attracting 
considerable attention since the fast development of the biodiesel industries, in which it is 
formed as the main byproduct, has generated a large excess of this chemical (ca. 100 kg of 
glycerol per ton of biodiesel are formed) (Scheme 1). In fact, recent studies have estimated 
that world-wide production of glycerol in 2010 was about 2 million tons [27]. In addition, it is 
expected that this quantity will increase in the future due to the growing demand for 
biodiesel, as well as the rapid development of other processes based on the conversion of 
cellulose and lignocelluloses into value-added chemicals in which glycerol is also generated 
as byproduct. Consequently, new applications for this low-cost raw material are needed [28]. 
According to the Green Chemistry principles, glycerol is a prototypical example of a “green 
solvent” [1]. In fact, as suggested by Jérôme and co-workers [29], glycerol can be 
considered as “organic water” since, like water, it is abundant, biodegradable, inexpensive, 
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non-toxic, highly polar, immiscible with hydrocarbons, able to form strong hydrogen-bond 
networks and able to dissolve a wide range of organic and inorganic compounds, including 
transition metal catalysts. In addition, compared to water, it has the advantage of its higher 
boiling point, lower vapor pressure, and that it is able to dissolve organic compounds usually 
immiscible with water. The possibility of revalorize glycerol using it as a solvent for synthetic 
chemistry has been very well received by the chemical community, as clearly demonstrated 
by the large number of stoichiometric and catalytic organic reactions that have been 
successfully performed in this medium in recent years [30-35]. Remarkably, the use of 
glycerol as solvent has resulted in some cases in an enhanced reactivity and/or selectivity, 
and also in an easier product separation and an improved catalyst recycling. 
 
 
Scheme 1. General reaction involved in the production of biodiesel. 
 
In 2011 we published a comprehensive review article covering the use of glycerol as 
solvent in organic synthesis [31]. Herein, an update with the most recent advances reached 
in the field is presented. Literature published between March 2011 and April 2013 is 
covered. Transformations of glycerol into other chemicals are considered out of the scope of 
this review. 
 
Metal-free transformations 
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First examples on the use of glycerol as solvent for synthetic organic chemistry were 
published by Wolfson´s group in 2007, who successfully accomplished the nucleophilic 
substitution of benzyl chloride (BnCl) with KSCN, and the reduction of benzaldehyde with 
sodium borohydride, in this “green” reaction medium [36]. In this line, the same group has 
recently studied the nucleophilic substitution of BnCl and BnBr with ammonium and sodium 
acetate [37-38]. As a solvent, glycerol facilitated the solubility of both the organic substrates 
and salts, thus avoiding the use of phase transfer agents, and it enabled the easy isolation 
of the benzyl acetate product by selective extraction with hexanes or diethyl ether. Easy 
separation of the reaction product, i.e. benzyl alcohol or ethanol, along with an effective 
catalyst recycling, was also observed by Wolfson´s group and others while studying the 
transesterification of benzyl and ethyl acetate in glycerol catalyzed by different bases [39-40] 
and acids [41]. In these reactions, glycerol acted both as solvent and acyl acceptor. 
A clean and fast methodology for the synthesis of organic disulfides in glycerol was 
presented by Lenardão and Jacob in 2012 (Scheme 2) [42]. The process, which is promoted 
by Na2CO3 under microwave irradiation (MW), was operative with aliphatic, aromatic and 
heteroaromatic thiols, leading to the corresponding disulfides in very good yields. After 
extraction of the products with a mixture of hexane/ethyl acetate, the glycerol employed 
could be recovered and reused in subsequent reactions (up to five consecutive runs). 
 
 
Scheme 2. Base-promoted synthesis of disulfides in glycerol. 
 
The same group has also developed an effective protocol for the preparation of 2-
organoselanyl pyridines 2 by reaction of 2-chloropyridines 1 with organylselenols (R1SeH), 
generated in situ from diorganyl diselenides using glycerol as solvent and hypophosphorous 
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acid as reducing agent (Scheme 3) [43]. Using this methodology, a large number of 
selenium-substituted pyridines were synthesized in high yields. In addition, after extraction of 
the products 2 with a hexane/ethyl acetate mixture (95:5 v/v), the glycerol/H3PO2 system 
could be easy recovered and reused for five times without loss of efficiency. 
 
 
Scheme 3. Protocol for the preparation of 2-organoselanyl pyridines using glycerol as solvent. 
 
On a different plane, glycerol has been recognized in recent years as an effective 
promoting medium for the electrophilic activation of carbonyl compounds, its use as solvent 
enabling the development of transformations that conventionally require of Brønsted- or 
Lewis-acid catalysts [30-35]. The ability of glycerol to establish a strong hydrogen bond 
network with the carbonyl group is behind this activating effect. In this context, glycerol has 
been recently employed as a convenient reaction medium for the aza-Michael addition of 
aromatic amines to enones under catalyst-free conditions (Scheme 4) [44]. Remarkably, 
traditional organic solvents such as dichloromethane, toluene, acetonitrile or methanol were 
ineffective for this reaction, and only modest conversions were achieved in water or ionic 
liquids ([Bmim][BF4] or [Bmim][PF6]; Bmim = 1-butyl-3-methylimidazolium). Using the 
addition of aniline to chalcone as model reaction, the recyclability of the glycerol solvent was 
also demonstrated (five times without loss of reactivity after extraction of the reaction product 
with ethyl acetate). 
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Scheme 4. Aza-Michael addition reactions between aromatic amines and enones in glycerol. 
 
Sadek and co-workers successfully employed glycerol as solvent and promoter for 
the one-pot synthesis of a variety of 2-arylbenzothiazoles 3, by condensation of 2-
aminothiophenols with aromatic aldehydes, at room temperature, under catalyst-free 
conditions (Scheme 5) [45]. Worthy of note, the starting materials were recovered almost 
unchanged when the same reactions were studied in other solvents, such as acetone, 
chloroform or water. In a closely related study, faster transformations (4-8 min; 78-96% yield) 
were observed performing the reactions in glycerol under MW irradiation conditions (180 W; 
100 ºC) [46]. 
 
 
Scheme 5. One-pot synthesis of 2-arylbenzothiazoles in glycerol. 
 
Taking advantage of the activating effect exerted by glycerol on carbonyl 
compounds, Perin and Jacob employed this solvent for the one-pot hetero-Diels-Alder (HDA) 
cycloaddition of the naturally occurring aldehyde (R)-citronellal with different arylamines 
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(Scheme 6) [47]. These catalyst-free reactions proceeded cleanly at 90 ºC to afford the 
desired octahydroacridines 4, as separable mixtures of diastereoisomers, in good to 
excellent yields. Remarkably, after removing the insoluble products 4 from the reaction 
media through a simple decantation, glycerol could be reutilized without loss of effectiveness 
(up to four consecutive runs). 
 
 
Scheme 6. Synthesis of octahydroacridines in glycerol under catalyst-free conditions. 
 
Similarly, catalyst-free condensation of o-phenylenediamine with several aldehydes 
and enolizable ketones was found to proceed cleanly in glycerol to furnish the corresponding 
benzimidazoles 5 and benzodiazepines 6, respectively (Scheme 7) [48]. As in the preceding 
case, after extraction of the final reaction products with a hexane/ethyl acetate mixture (95:5 
v/v), glycerol could be reused without purification for further reactions (up to five runs). 
Related couplings of o-phenylenediamine with different cinnamic acids in glycerol also 
afforded the expected 2-styrylbenzimidazoles 7 in high yields (Scheme 7) [49]. In addition, 
protocols for the synthesis of quinaxoline and benzoxazole derivatives by condensation of o-
aminophenol and o-phenylenediamine with aldehydes or 1,2-diketones, respectively, in 
glycerol have also been developed by Telvekar and co-workers [50]. 
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Scheme 7. Catalyst-free synthesis of benzimidazoles and benzodiazepines using glycerol. 
 
The uncatalyzed cyclocondensation of quinolino-chalcones 8 with hydrazine hydrate 
in glycerol at 90 ºC was recently described by Jagrut and co-workers, the reactions affording 
pyrazolines 9 in high yields (Scheme 8) [51]. Similarly, broad series of push-pull styryl dyes 
(some representative examples are shown in Figure 1) have been prepared in glycerol by 
Deligoergiev and co-workers through uncatalyzed condensations between aromatic 
aldehydes and N-alkylated salts of 2-methylazoles, 2-methylthiazoles, 2-methyloxazoles or 
4-methylpyridine derivatives [52]. 
 
 
Scheme 8. Catalyst-free synthesis of pyrazolines in glycerol. 
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Figure 1. Structure of some push-pull dyes generated in glycerol through condensation reactions. 
 
Condensation of α-bromoketones with thiourea/thioamide compounds also occurred 
rapidly in glycerol, under mild reaction conditions (r.t.) and without using any catalyst, to 
generate the corresponding substituted thiazole derivatives 10 with high yields and 
selectivity (Scheme 9) [53]. Once again, after extraction of the final reaction products with 
ethyl acetate, glycerol could be used for further reactions without any problem. 
 
 
Scheme 9. Catalyst-free synthesis of thiazole derivatives in glycerol. 
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In an independent report, an effective synthesis of related 2-cyanomethyl-4-
phenylthiazoles 11 from different substituted 2-bromoacetophenones and 2-
cyanothioacetamide was also described (Scheme 9) [54]. Reactions, which were in this case 
performed under MW conditions, delivered the desired products with high purity and yields 
after very short irradiation periods (3-4.5 min). It is worthy of note that the same 
transformations were studied in polyethylene glycol 400 (PEG-400) and remarkably lower 
yields were reached. 
Glycerol and PEG-400 were also employed as green reaction media for the 
preparation of different heterocyclic 2-thiones 12 (2-thiobenzothiazoles, 2-thiobenzoxazoles, 
2-thiobenzimidazoles and 1,3-oxazolopyridine-2-thiols), an important class of compounds 
with numerous applications and a wide range of biological activities [55]. They were 
generated by coupling of 2-aminophenols, 2-aminothiophenols, 1,2-phenylenediamines or 2-
amino-3-hydroxypyridines with potassium O-ethyldithiocarbonate under MW irradiation 
(Scheme 10). The experiments did not highlighted which solvent, glycerol or PEG-400, was 
better in terms of reaction yields or rates, since good to excellent yields were attained in both 
solvents after short irradiation periods. However, according to its lower price and 
environmental impact, glycerol would be more advantageous. 
 
 
Scheme 10. Synthesis of heterocyclic 2-thiones in glycerol or PEG-400. 
 
A cost-effective and environmentally benign method of synthesis of N-aryl 
phthalimide derivatives 13 from phthalic anhydride and primary aromatic amines in glycerol 
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has been presented by Shankarling and co-workers (Scheme 11) [56]. Glycerol played the 
dual role of catalyst and solvent in this condensation process which conventionally requires 
acidic catalysts to proceed. The reactions, which were performed at 80 ºC and could be 
scaled up to 50 g of phthalic anhydride, delivered the desired products in moderate to high 
yields and short times, with good recyclability of the recovered glycerol (up to five 
consecutive runs). Similar results in terms of yields and recyclability were obtained using 
biodegradable deep eutectic solvents (mixtures of choline chloride/urea and choline 
chloride/malonic acid) as the reaction media. 
 
 
Scheme 11. Synthesis of N-arylphthalimides in glycerol. 
 
The high-yield synthesis of several 5-substituted 1H-tetrazoles 14, via uncatalyzed [3 
+ 2] cycloaddition reactions of organonitriles with NaN3 in glycerol, has also been reported 
(Scheme 12) [57]. The exceptional H-bonding properties of glycerol, able to activate the C≡N 
unit towards the nucleophilic attack of N3
-, were again evoked to rationalize the higher 
reactivity observed in this medium as compared to more classical organic solvents and 
water. 
 
 
Scheme 12. Catalyst-free [3 + 2] cycloadditions of nitriles with sodium azide in glycerol. 
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On the other hand, the combination of multicomponent reactions (MCRs), in which at 
least three different substrates join through covalent bonds in a single operation, and green 
solvents has emerged in recent years as an important research area within organic 
synthesis [58]. Glycerol has proved to be a convenient platform to perform this type of 
transformations [30-35]. In this context, Kumar has recently reported that three-component 
coupling of 4-hydroxycoumarin, aldehydes and N,N-dialkylanilines rapidly occurs in this 
medium, under very mild reaction conditions, to afford the C3-benzylated 4-hydroxycoumarin 
derivatives 16 (Scheme 13) [59]. The process, which does not require the assistance of any 
acidic or metal catalyst, proceeds via C-H hydroarylation of in situ generated ortho-quinone 
methide intermediates 15 by the anilines. Related transformations involving 4-
hydroxypyrone, cyclohexane-1,3-dione and dimedone, instead of 4-hydroxycoumarin, 
allowed the high-yield (≥ 70%) preparation of compounds 17-18 [59]. All these unusual 
three-component coupling reactions were found to occur also in water and other alcohols, 
such as methanol or ethanol, but with remarkably lower efficiency. 
 
 
Scheme 13. Three-component coupling of 4-hydroxycoumarin, aldehydes and N,N-dialkylanilines in glycerol. 
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Three-component synthesis of a variety of 4H-pyrans 19, by condensation of 
aromatic aldehydes with carbonyl compounds possessing a reactive α-methylene group and 
alkylmalonates or malononitrile, was also found to proceed cleanly in glycerol under catalyst-
free conditions (Scheme 14) [60]. Reactions proceeded in short times giving the products in 
excellent yields, and the medium could be recycled and reused several times. As in the 
preceding case, water and related polar solvents (ethanol, PEG-400, ethylene glycol) were 
also able to promote the reaction, but with remarkably lower efficiency. 
 
 
Scheme 14. Catalyst-free three-component synthesis of 4H-pyrans in glycerol. 
 
Somwanshi and co-workers employed glycerol as a promoting and recyclable solvent 
in the one-pot imino-Diels-Alder reaction of aldehydes, amines and 2,3-dihydrofuran [61]. As 
shown in Scheme 15, the corresponding furanoquinolines 20 were generated in good yields 
with a complete endo diastereoselectivity. Following a similar approach, several 
pyranoquinolines could also be synthesized using 3,4-dihydro-2H-pyran as the dienophile 
[61]. 
An effective catalyst-free method of synthesis of 2,4,5-triaryl-imidazol derivatives 21 
in glycerol, via multicomponent coupling of benzil, aromatic aldehydes and ammonium 
acetate, has been recently described by Nemati and co-workers (Scheme 16) [62]. Using 
this new protocol, the yields of 21 were better than those obtained in conventional organic 
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media (MeOH, EtOH, acetonitrile or PEG-400), and comparable to those previously reported 
in the literature under acid or metal catalysis. 
 
 
Scheme 15. Synthesis of furanoquinolines in glycerol under catalyst-free conditions. 
 
 
Scheme 16. Synthesis of 2,4,5-triaryl-imidazoles in glycerol under catalyst-free conditions. 
 
Using polystyrene-poly(ethylene glycol) resin-supported sulfonic acid (PS-PEG-
OSO3H) as catalyst, Wang and co-workers also reported a series of MCRs for the synthesis 
of 3,4-dihydropyrimidones 22, amidoalkyl-naphthols 23 and dibenzoxanthenes 24 in glycerol 
(Scheme 17) [63]. Excellent products yields and good recyclability of the solvent/catalyst 
system (up to five cycles after extraction of the reaction products with ethyl acetate) were in 
all cases achieved. 
On another matter, due to its easy access and low cost, polyaniline (PANI) is one of 
the most studied conducting polymers (Figure 2). This polymer is usually synthesized by 
chemical or electrochemical oxidation of aniline in aqueous media or, alternatively, in the 
solid state. Recently, oxidative polymerization of aniline and aniline hydrochloride by means 
of ammonium peroxydisulfate was for the first time performed in a non-aqueous environment 
consisting of ethylene glycol or glycerol [64]. Interestingly, the oxidation of aniline 
hydrochloride led to PANI with a standard emeraldine structure in both reaction media, and 
with conductivity properties similar to those of PANI prepared in water. In contrast, the 
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oxidation of aniline produced oligomeric materials showing a remarkably lower conductivity. 
To the best of our knowledge, this work represents the first application of glycerol as solvent 
for polymers synthesis. 
 
 
Scheme 17. PS-PEG-OSO3H-catalyzed MCRs in glycerol. 
 
 
Figure 2. Structure of the conducting polyaniline polymer. 
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Metal-catalyzed transformations 
 
The utility of glycerol as solvent in homogeneous catalysis was demonstrated for the 
first time by Wolfson and co-workers in 2007, performing a series of Heck- and Suzuki-
Miyaura-type C-C couplings in this medium under conventional oil bath (OB) heating and 
MW irradiation [36,65]. Using PdCl2, Pd(OAc)2 and Pd/C as the palladium sources and the 
coupling of 4-iodoanisole with PhB(OH)2 as model reaction, the same group has recently 
found that the effectiveness of the Suzuki-Miyaura C-C coupling can be strongly improved 
under sonochemical (US) conditions. The excellent acoustic cavitation provided by glycerol, 
and a more effective dispersion of the reactants in the medium, was evoked to explain the 
shorter reaction times and higher yields observed [66]. In a related study, Mata, Colacino 
and co-workers also showed the beneficial effect exerted by the ultrasounds in this C-C 
coupling process catalyzed by the palladium N-heterocyclic carbene (NHC) catalysts 25-28 
[67]. As shown in the example given in Scheme 18, the reactions performed under pulsed-
ultrasound activation (P-US) were significantly more effective than those carried out using 
classical oil bath heating. In addition, the generality of the process was in this case clearly 
demonstrated for a variety of aryl halides (bromides and iodides) and aryl-boron derivatives 
(boronic acids and boronate salts), as well as the recyclability of the solvent/catalyst system 
(up to three consecutive runs with complex 27). 
 
 
Scheme 18. Effect of ultrasounds in Suzuki-Miyaura C-C couplings performed in glycerol. 
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Employing conventional oil-bath heating, the coupling of more challenging aryl 
chlorides could be successfully accomplished at 80 ºC with the dinuclear Pd(II) complex 29 
in a glycerol/water solvent mixture (Scheme 19) [68]. It is worthy of note that the use of 
glycerol or water alone led to the desired biphenyl products in remarkably lower yields. In 
addition to all these Suzuki-Miyaura C-C couplings, the effective Sonogashira alkynylation of 
4-iodoanisole with phenylacetylene in glycerol, using a recyclable Pd/Cu loaded polymeric 
cyclodextrin catalyst, has also been recently described [69]. 
 
 
Scheme 19. Cross-coupling of aryl chlorides with arylboronic acids in a glycerol/water mixture. 
 
An efficient and greener protocol for the copper-catalyzed N-arylation of amines, a 
process usually performed in toxic DMF and DMSO, has been recently disclosed by using 
glycerol as solvent (Scheme 20) [70]. Once the reactions finished, the products were easily 
isolated in excellent yields, by extraction with diethyl ether, and the catalytic glycerol/copper 
system reused for six runs without loss of efficiency. Remarkably, aryl-aryl homocoupling 
side-products were not formed during these reactions. 
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Scheme 20. Copper-catalyzed N-arylation of amines in glycerol. 
 
Following with their studies on the use of glycerol for CuI-catalyzed cross-coupling 
reactions of diaryl diselenides [71], Jacob, Alves and co-workers have now described that 
the glycerol-CuI mixture is able to promote the cross-coupling of diaryl diselenides with 
arylboronic acids in the presence of DMSO as additive (Scheme 21) [72]. The process was 
applicable to substrates bearing both electron-withdrawing and electron-donating 
substituents, leading to the corresponding diaryl selenides in high yields, and the solvent and 
catalyst could be effectively reused (up to five times) after extraction of the reaction products 
with hexane/diethyl acetate (95:5 v/v). The process was found to be also operative starting 
from diphenyl ditelluride and diphenyl disulfide, albeit remarkably lower yields were attained 
with the latter. 
 
 
Scheme 21. Cu-catalyzed cross-coupling reactions of diaryl diselenides with arylboronic acids in glycerol. 
 
Since the pioneering works by Crotti´s [73] and Wolfson´s groups [74] in 2009, 
glycerol has emerged as an appealing alternative to replace propan-2-ol as solvent and 
hydrogen donor in metal-catalyzed transfer hydrogenation (TH) reactions of unsaturated 
organic compounds [75]. In this context, using as model the reduction of benzaldehyde to 
benzyl alcohol catalyzed by [{RuCl(µ-Cl)(η6-p-cymene)}2], Wolfson and co-workers 
demonstrated recently that, as observed in the Suzuki-Miyaura C-C couplings described 
19 
 
above and also in Barbier-type reactions [66], the use of ultrasounds dramatically 
accelerates the TH reactions [66]. Thus, using a combination of potassium and sodium 
hydroxide (1-2 mol%) as the base, benzyl alcohol was quantitatively generated in 3 h under 
sonochemical conditions, at 60 ºC and with only 1 mol% of [{RuCl(µ-Cl)(η6-p-cymene)}2] 
(Scheme 22) [66], while 24 h and a ruthenium loading of 25 mol% were previously required 
to attain a similar conversion employing a classical oil bath heating (70 ºC) [74]. 
 
 
Scheme 22. Ru-catalyzed TH of benzaldehyde in glycerol under US conditions. 
 
Mata and co-workers studied different Ir(III) and Ir(I) complexes, bearing NHC (N-
heterocyclic carbene) ligands (30-33 in Figure 3), as potential catalysts for the TH of 
carbonyl compounds in glycerol [76,77]. Combined with KOH (1 equiv.), and performing the 
catalytic reactions at 120 ºC (oil bath heating), all the complexes 30-33 (2.5 mol% of Ir) were 
able to reduce acetophenone and benzaldehyde to the corresponding alcohols after 7 h [76]. 
The reduction of benzaldehyde proceeded, in general, in higher yields (66-99%) than that of 
acetophenone (25-80%). Complex 31 was particularly active with both substrates and also 
proved effective in the reduction of benzophenone (91% yield after 20 h) [76]. The catalytic 
behavior of complexes 30-33 in the transfer hydrogenation of acetophenone and 
benzaldehyde was also explored employing MW and US activation [77]. As previously 
observed by Wolfson and co-workers, a drastic reduction of the reaction times was observed 
using ultrasounds, the use of this technique allowing also the reduction of the iridium 
loadings. As an example, using only 1 mol% of 32a, benzaldehyde could be converted into 
benzyl alcohol in 73% yield after 5 min. Optimal dispersion of the reactants in the reaction 
medium explained again the improvements observed under sonochemical conditions. 
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Figure 3. The iridium-NHC catalysts 30-33. 
 
The iridium(III)-NHC complexes 30 and 31 were also employed as catalysts for the 
transfer hydrogenation of C=C bonds in glycerol, but only modest results were achieved [75]. 
However, the remarkably high chemoselectivity observed in the TH of α,β-unsaturated 
ketones merits to be highlighted (Scheme 23). Thus, while selective reduction of the olefinic 
bonds of benzylideneacetone and dibenzylideneacetone took place with both catalysts, 
leading to the corresponding carbonylic products without competitive formation of fully 
hydrogenated compounds, starting from cinnamaldehyde reduction of both C=C and C=O 
functionalities to form the saturated alcohol 3-phenylpropan-1-ol was observed. These 
results support again the greater tendency of the Ir(III) catalysts 30-31 to promote the 
transfer hydrogenation of aldehydes over ketones. The ability of complexes 30-31 to 
promote the TH of phenylacetylene by glycerol was also evaluated with a very modest 
success (only 12-30% yield of styrene was reached after 14 h of heating at 120 ºC with 2.5 
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mol% of 30-31 and 1 equiv. of KOH). We must also note that, in all these transfer 
hydrogenation reactions, formation of dihydroxyacetone by dehydrogenation of glycerol was 
proposed, but without any experimental evidence. 
 
 
Scheme 23. TH of enones and enals in glycerol using Ir-NHC catalysts. 
 
Selective reduction of allylic alcohols in glycerol has been described employing 
different arene-ruthenium(II) complexes [RuCl2(η
6-arene)L] (arene = C6H6, p-cymene, 
mesitylene, C6Me6; L = water-soluble phosphine) as promoters [78]. Complex [RuCl2(η
6-
C6H6)(DAPTA)] (34; DAPTA = 3,7-diacetyl-1,3,7-triaza-5-phosphabicyclo[3.3.1]nonane), in 
combination with KOH, was particularly effective leading to the selective formation of the 
desired saturated alcohols in high yields (Scheme 24). The use of technical (87% purity) 
instead of pharmaceutical (99.5% purity) grade glycerol was tolerated in this catalytic 
transformation, which had been previously studied in water and propan-2-ol [79-81]. 
Interestingly, in marked contrast with these previous studies, the use of glycerol allowed the 
recovery and recycling (up to 4 times) of the catalytically active species. It is also worthy of 
note that this reduction process does not involve a direct transfer hydrogenation of the C=C 
bond of the allylic alcohol by glycerol. Instead two independent reactions take place: (i) the 
initial redox-isomerization of the substrate, and (ii) the subsequent transfer hydrogenation of 
the C=O unit in the resulting aldehyde intermediate. The initial step, i.e. the redox-
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isomerization of an allylic alcohol into the corresponding saturated carbonyl compound, has 
been independently studied in glycerol by García-Álvarez and co-workers [82]. Using the 
ruthenium(IV) complex [RuCl2(η
3:η3-C10H16)(benzimidazole)] (C10H16 = 2,7-dimethylocta-2,6-
diene-1,8-diyl) as catalyst (0.2 mol%) and 1-octen-3-ol as model substrate, complete 
conversion of the alcohol into octan-3-one was achieved after 45 min of heating at 75 ºC. 
However, for this particular transformation, the use of a deep eutectic mixture of choline 
chloride/glycerol (2:1 ratio) resulted more effective (quantitative yield after 10 min). 
 
 
Scheme 24. Reduction of allylic alcohols in glycerol through a tandem isomerization/TH process. 
 
 
Scheme 25. Catalytic transfer hydrogenation of linoleic acid. 
 
The transformation of linoleic 35 to oleic acid 36 by direct reduction of one of its C=C 
bonds was observed as a side reaction during the hydrolysis of soybean oil and tallow 
employing heterogeneous nickel-based catalysts [83]. As shown in Scheme 25, NiO/Al2O3 
was particularly effective in this reduction process in which the glycerol generated during the 
hydrolysis of the triglycerides acts as the hydrogen source. 
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Conversion of nitroarenes to the corresponding amines is a synthetically useful 
transformation in organic chemistry. Different reagents and methodologies to promote this 
reduction process are presently available as, for example, the use of stoichiometric Raney 
nickel under transfer hydrogenation conditions. In this regard, Wolfson and co-workers have 
recently demonstrated that glycerol can be employed as solvent and hydrogen donor for the 
Raney Ni-mediated reduction of nitroarenes [84]. Thus, performing the reactions in the 
presence of sodium hydroxide (2.5 equiv.), different substituted nitroarenes were 
successfully converted into the corresponding anilines (44-81% yield) after 24 h of heating at 
100 ºC, the reactions being particularly effective when electron-withdrawing substituents are 
present in the substrates. Further studies in the field have shown that ferrite-nickel magnetic 
nanoparticles (Fe3O4-Ni MNPs), combined with KOH, are much more effective for the 
reduction of nitroarenes in glycerol than Raney nickel, allowing to employ milder reaction 
conditions and reducing drastically the reaction times (Scheme 26) [85]. In addition, in 
marked contrast with Raney Ni, in this case no marked differences in activity were observed 
when using nitroarenes substituted with electron-donating groups. It is also worthy of note 
the high chemoselectivity shown by this magnetic nanocatalyst, since it is able to reduce 
selectively the nitro functionality when carbonyl groups are also present in the molecule. To 
explain this unusual chemoselectivity, the authors propose that interaction of nitro group with 
the surface of the nanoparticles is stronger compared to that of the carbonyl one. Moreover, 
after magnetic separation with the help of an external magnet, the Fe3O4-Ni nanoparticles 
could be recycled, showing almost the same activity and selectivity during eight consecutive 
uses. The Fe3O4-Ni MNPs proved also effective in the reduction of carbonyl compounds 
under similar reaction conditions [85]. 
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Scheme 26. TH of nitroaromatic compounds in glycerol using Fe3O4-Ni nanoparticles as catalyst. 
 
 
Scheme 27. Catalytic synthesis of N-substituted amines from different nitrobenzenes and alcohols. 
 
With the help of glycerol, nitrobenzenes could be successfully employed as starting 
materials for the reductive amination of primary alcohols (Scheme 27) [86]. The process, 
catalyzed by the RuCl3/PPh3/K2CO3 combination in a mixture of glycerol and 
(trifluoromethyl)benzene (TFMB), afforded the desired N-substituted amines 37 in 70-93% 
yield after 24 h of heating at 130 ºC. In the proposed catalytic cycle, glycerol acted as the 
reducing agent for the nitro group as well as for the imine intermediates generated during the 
catalytic events. Remarkably, when the same reactions were performed with two equivalents 
of the alcohol at 150 ºC, N,N-disubstituted amines (Ar-N(CH2R)2) could also be synthesized 
in high yields. 
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Reduction of carboxylic acids to primary alcohols by transfer hydrogenation in 
glycerol has been recently patented employing a catalytic system composed of CoCl2·6H2O 
and KOH [87]. As shown in Scheme 28, performing the catalytic reactions at 140-150 ºC for 
1 h, the desired alcohols were selectively formed in very high yields. This new route is an 
alternative to the most common methods based on the use of H2 and NaBH4 as reducing 
agents. 
 
 
Scheme 28. Catalytic conversion of carboxylic acids to primary alcohols using glycerol as solvent and hydrogen 
donor. 
 
In the presence of the ruthenium(II) complex [RuCl2(PPh3)3] and KOH, aqueous 
glycerol acted also as a H-donor to CO2 (Scheme 29) [88]. However, the effectiveness of the 
process was very low (TON of only a few units) in comparison with previous examples using 
propan-2-ol as the solvent and the hydrogen source [89]. However, it is important to stress 
that, in the reaction depicted in Scheme 29, two value-added products, i.e. formic acid 
(HCO2H) and glycolic acid (HOCH2CO2H), are formed from two waste products. The search 
for more active catalysts for this transformation represents therefore an attractive challenge. 
Note that the glycolic acid is generated from glycerol by decarbonylation of the initially 
formed dihydroxyacetone (the expected dehydrogenation product of glycerol) by action of 
the ruthenium catalyst. 
 
 
Scheme 29. Ru-catalyzed TH of CO2 by aqueous glycerol. 
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Microwave-assisted lignin depolymerization promoted by the heterogeneous catalyst 
AI-SBA-15 has been recently studied employing, among others hydrogen-donating solvents, 
glycerol [90]. In the best of the cases, ca. 25 wt% of the initial lignin could be converted into 
monomeric phenolic species, a much higher percentage to that reached in propan-2-ol (ca. 2 
wt%), but poorer in comparison to that achieved in formic acid (ca. 30 wt%), the more 
effective hydrogen-donating solvent found in this study. Direct transfer of H2 and CO from 
glycerol to styrene has also been described by Andersson and co-workers using a combined 
system composed of [{Ir(μ-Cl)(cod)}2]/(S)-BINAP, able to promote the dehydrogenative 
decarbonylation of glycerol to CO and H2, and the hydroformylation catalyst 
[RhHCO(PPh3)3]. Thus, performing the reaction at 210 ºC, a mixture of 2- and 3-
phenylpropionaldehyde (1:1 ratio) could be generated in 98% yield after 66 h of heating [91]. 
In an elegant work, Sanz and co-workers have demonstrated that glycerol can be 
effectively used as solvent and reducing agent in the Mo-catalyzed deoxygenation of 
sulfoxides (Scheme 30) [92]. The use of this widely available feedstock, which allowed easy 
product separation (extraction with hot toluene) and catalyst recycling (up to 5 cycles), 
represents a greener alternative to the previously described deoxygenating agents for the 
reduction of sulfoxides, such as phosphorous(III) reagents or silanes. Notably, the process 
showed an exquisite chemoselectivity, tolerating the presence of additional reducible 
functionalities in the substrates (halogens, C-C multiple bonds, cyano, esters and nitro 
groups), and it was operative even in crude glycerin (the unrefined glycerol generated during 
biodiesel production) containing as less as 5-8% of glycerol, leading to similar reaction times 
and only slightly lower yields in comparison with the use of refined glycerol. The concomitant 
transformation of glycerol into CO2 and formic acid during the catalytic reactions could also 
be unambiguously established. 
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Scheme 30. Reduction of sulfoxides in glycerol catalyzed by [MoO2Cl2(dmf)2] 
 
On another matter, an efficient synthetic protocol for the preparation of 
bis(indolyl)methanes 38 in glycerol, through the catalytic coupling of indole with various 
aldehydes by means of recyclable FePO4, has been described by Behbahani (Scheme 31) 
[93]. However, we must note that such a process is known to proceed in glycerol under 
catalyst-free conditions [94], or using CeCl3·7H2O as Lewis-acid promoter [95], with similar 
efficiency. 
 
 
Scheme 31. Access to bis(indolyl)methanes catalyzed by FePO4 in glycerol. 
 
Concerning the glycerol/CeCl3·7H2O combination, Narsaiah and co-workers 
employed this reaction medium for the synthesis of a number of quinoxalines by coupling of 
diketo carbonyls with 1,2-diamines (representative examples are shown in Scheme 32) [96]. 
The method was very efficient and applicable to aromatic, heteroaromatic and alicyclic 1,2-
diamine derivatives. In addition, after extraction of the reaction product with ethyl acetate, 
the catalytic glycerol/CeCl3·7H2O system could be successfully recycled (up to five 
consecutive runs). The same group also employed glycerol and CeCl3·7H2O for the ring-
opening of oxiranes with amines and thioamides, generating the corresponding β-amino 
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alcohols in high yields under remarkably mild reaction conditions (some examples are given 
in Scheme 32) [97]. As in the previous case, the catalytic system could be easily recycled. 
 
 
Scheme 32. Some catalytic transformations promoted by CeCl3·7H2O in glycerol. 
 
Glycerol combined with zinc(II) acetate was employed by Dos Santos and co-workers 
to catalyze the coupling of 2-cyanopyridine with 2-amino alcohols (Scheme 33) [98]. The 
reactions, performed under MW irradiation, delivered the corresponding 2-pyridyl-2-
oxazolines 39 in moderate to good yields, and without epimerization when enantiopure 
amino alcohols were used as substrates. Once the reaction finished, isolation of 39 was 
easily accomplished by extraction with ethyl acetate, and the glycerol/zinc(II) acetate 
catalytic system could be recycled four times, albeit with partial loss of activity after each run. 
 
 
Scheme 33. Zn(II)-catalyzed synthesis of 2-pyridyl-2-oxazolines in glycerol. 
 
Finally, polymerization of pyrrole catalyzed by ferric chloride and sodium p-
toluenesulfonate has been very recently studied using glycerol as solvent [99]. Performing 
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the reaction at 0 ºC, electronic conducting polypyrrole nanospheres of ca. 60 nm, a size 5-6 
times lower than that of the polypyrrole commonly synthesized in water, were obtained. 
Remarkably, the charge storage capability of this nanosized material was superior to that of 
conventional polypyrrole, due to its small particle size, higher surface area and more 
appropriate pore size distribution. The authors proposed that glycerol plays a key role in 
tailoring the nanostructure during polymerization, controlling also the polypyrrole particles 
size as a stabilizer. 
 
Biocatalysis 
 
Water is undoubtedly the preferred solvent for biocatalysis, but the hydrophobic 
character of many organic molecules, the occurrence of undesired side reactions such as 
hydrolysis, and the difficulties associated with the separation of the products are major 
drawbacks in the field. Despite their negative environmental impact, organic solvents are 
usually employed to circumvent these problems. In 2006, Wolfson and co-workers 
demonstrated that glycerol is a suitable green reaction medium to perform organic 
biotransformations, accomplishing successfully the asymmetric reduction of methyl 
acetoacetate by means of free (FBY) and immobilized (IBY; alginate beads) baker´s yeast 
[100]. Since then, other biotransformations were conveniently performed in glycerol as 
already indicated in our previous review article published in 2011 [31]. In the most recent 
years covered herein, Wolfon´s group used the asymmetric reduction of ethyl acetoacetate 
to compare how yeast cell viability, reaction performances and product extraction yields are 
affected in different glycerol-derived solvents and water (some representative data are 
shown in Scheme 34) [38,101]. The results obtained pointed out that, while water is 
preferable in terms of viability and activity, the glycerol-based solvents allows a more 
effective separation of the reaction product (five extracting organic solvents of different 
polarity were screened and with all of them extraction yields were lower when water was 
employed as the reaction medium). 
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Scheme 34. Asymmetric reduction of ethyl acetoacetate catalyzed by Baker´s yeast in different solvents. 
 
In an independent report, Sharma and co-workers performed successfully the 
reduction of 2-tert-butylcyclohexanone, 4-tert-butylcyclohexanone and 4-ethylcyclohexanone 
by means of both free (FBY) and immobilized (IBY; polyacrylamide) baker´s yeast in glycerol 
[102]. The use of IBY resulted in slightly higher yields (84-87% vs 79-82% after 72 h at r.t.) 
and facilitated the isolation of the resulting cyclohexanol products. Asymmetric reduction of 
the α-chloroacetophenone 40 in glycerol, with a cultured whole-cell biocatalyst of the yeast 
Williopsis californica, was also developed by Sugai and co-workers in their synthetic 
approach to (R)-terbutaline hydrochloride 41, a potent β2-adrenoceptor-stimulating agent 
(Scheme 35) [103]. 
 
 
Scheme 35. Biocatalytic asymmetric reduction of 40 in the route to (R)-terbutaline hydrochloride 41. 
 
In addition to these reduction processes, glycerol was shown to be an excellent 
alternative for use as a co-solvent in the resolution of racemic phenylethanol with different 
acylating reagents (vinyl acetate, ethyl acetate, iso-propenyl acetate or acetic anhydride) 
catalyzed by the Burkholderia cepacia lipase immobilized in ginger starch film [104]. The 
mixture hexane/glycerol was particularly adequate for such ends. Different biocatalytic 
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transformations have also been described employing solvents derived from glycerol (DES, 
glycerol esters, ethers, etc.) [105-110]. 
 
Conclusion 
 
In brief, all chemistry here presented, along with that already discussed in our 
previous review article [31], clearly demonstrates the utility of glycerol as green reaction 
medium for countless organic transformations. A large number of examples showing 
improved reaction performances and selectivities, easier product separation and effective 
catalyst recycling, hallmarks of this green solvent, have appeared during the last two years. 
The problems associated with its high viscosity have not been an impediment to the 
development of this research field, which will continue to expand in the coming years due to 
the great availability and low price of glycerol. 
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